Introduction: Available in hundreds of device designs and thousands of flavors, electronic cigarette (ECIG) may have differing toxicant emission characteristics. This study assesses nicotine and carbonyl yields in the most popular brands in the U.S. market. These products included disposable, prefilled cartridge, and tank-based ECIGs. Methods: Twenty-seven ECIG products of 10 brands were procured and their power outputs were measured. The e-liquids were characterized for pH, nicotine concentration, propylene glycol/vegetable glycerin (PG/VG) ratio, and water content. Aerosols were generated using a puffing machine and nicotine and carbonyls were, respectively, quantified using gas chromatograph and high-performance liquid chromatography. A multiregression model was used to interpret the data. Results: Nicotine yields varied from 0.27 to 2.91 mg/15 puffs, a range corresponding to the nicotine yield of less than 1 to more than 3 combustible cigarettes. Nicotine yield was highly correlated with ECIG type and brand, liquid nicotine concentration, and PG/VG ratio, and to a lower significance with electrical power, but not with pH and water content. Carbonyls, including the carcinogen formaldehyde, were detected in all ECIG aerosols, with total carbonyl concentrations ranging from 3.72 to 48.85 µg/15 puffs. Unlike nicotine, carbonyl concentrations were mainly correlated with power. Conclusion: In 15 puffs, some ECIG devices emit nicotine quantities that exceed those of tobacco cigarettes. Nicotine emissions vary widely across products but carbonyl emissions showed little variations. In spite of that ECIG users are exposed to toxicologically significant levels of carbonyl compounds, especially formaldehyde. Regression analysis showed the importance of design and e-liquid characteristics as determinants of nicotine and carbonyl emissions. Implications. Periodic surveying of characteristics of ECIG products available in the marketplace is valuable for understanding population-wide changes in ECIG use patterns over time.
Introduction
Electronic cigarettes (ECIG) are gaining popularity around the globe. [1] [2] [3] Their ever use among U.S. adults has increased from 2.5% in 2010 to 9.6% in 2013 4, 5 and their use among youth has rapidly increased from 4.5% in 2013 to 13 .4% in 2014. 6, 7 The possible role of ECIG in harm reduction [7] [8] [9] [10] [11] [12] [13] has been contrasted with its possible role as a gateway to nicotine addiction in nicotine-naïve individuals, especially youth. [14] [15] [16] This debate has been complicated by the continuing evolution of ECIG technology. [17] [18] [19] For example, contradictory reports on the efficacy of ECIG nicotine delivery have appeared in the literature, likely due to differences between so-called first-generation and secondgeneration ECIG devices. [20] [21] [22] [23] Later reports showed that depending on the combination of the device design, power output, and the user puff topography, ECIG can deliver similar or higher levels of nicotine than tobacco cigarettes. 22, [24] [25] [26] [27] [28] [29] [30] In addition to a wide and evolving range of ECIG devices, the liquids continue to evolve, with more than 460 brands of ECIG with 7760 different flavors currently available in the market. 31 Despite this evolution, discrepancies between measured nicotine content in the e-liquid and the advertised values have been observed. [32] [33] [34] [35] Besides nicotine, ECIG vaping produce other toxicants that may come from the thermal breakdown of e-liquid chemical components on the heated coil. 36 One such class of toxicants is carbonyl compounds, [37] [38] [39] [40] [41] that is correlated to pulmonary disease in tobacco smokers. 42 Recent studies have found that carbonyl levels are affected by propylene glycol/vegetable glycerin (PG/VG) ratio, battery power output, and device type. 43, 44 Monitoring the evolution of tobacco cigarette during the last five decades helped scientists and public health agencies build evidence that the concept of "safer cigarette" was a tool to hinder cessation and increase appeal among youth. 45, 46 Thus, periodically surveying characteristics of ECIG products available in the marketplace is valuable for understanding population-wide changes in ECIG use patterns over time. In this study, we assessed liquid characteristics and aerosol emissions of 10 of the most popular brands of ECIG in the U.S. market. Different flavors and designs of popular commercial brands were selected to form a sample set of 27 products. Characteristics of the battery power, the design specifications and the e-liquid composition (PG/VG ratio, water and nicotine content and pH) were determined. Both the humectant composition (PG and VG) and water are hypothesized to affect the yield of the total particulate matter (TPM) while the nicotine content and the pH of the solution are considered major factors in defining the nicotine concentration and its distribution between free-base and protonated nicotine in the aerosol phase. The battery power output was found to have a direct effect on TPM, nicotine emission and degradation products such as carbonyl yields. 44 Statistical analysis and correlations between the defined factors will give regulatory agencies deeper insights on what is in the market in order to implement evidence-based regulations. This approach can provide regulatory agencies with deeper insight on what is in the market in order to implement evidence-based regulations.
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Materials and Methods
Materials
The 10 most popular brands were identified using a systematic Internet-and social media-based ranking protocol that is described in another manuscript. 49 Starter kits of disposable, prefilled, and tank ECIGs of the Apollo, Blu, Bull Smoke, Green Smoke, V2, Volt, Eversmoke, Halo, Volcano, and South Beach smoke brands were selected from each brand. The selection of ECIG characteristics like nicotine strength, flavor, or battery output were made based on the values recommended by the Web site, or if not available, the choice was guided by the highest number of user reviews for each characteristic. Tobacco and menthol were selected because they were universally available, allowing direct comparison of emissions across brands. The third flavor was selected as the most popular flavor other than tobacco and menthol on each brand's Web site.
High-performance liquid chromatography grade toluene and ethyl acetate solvents were obtained from Sigma Aldrich. Pure nicotine (CAS registry number 54-11-5) was purchased from Acros Organics. N,OBis(trimethylsilyl)trifluoroacetamide (CAS registry number 25561-30-2) was purchased from Sigma Aldrich for PG/VG derivatization. Hexadecane (CAS registry number 544-76-3) and β-Citronellol (CAS registry number 106-22-9) procured from Sigma Aldrich, were used as internal standards in nicotine and PG/VG quantifications, respectively. Glass fiber filters (47 mm diameter) were purchased from Pall Corporation and used for particle phase trapping. High-purity silica adsorbent coated with 2,4-dinitrophenylhydrazine (LpDNPH) H Series Cartridges H10, volume size 3 mL, were purchased from Sigma Aldrich and used for gas phase trapping of carbonyls.
E-liquid Chemical Characterization
PG/VG Quantification
An aliquot of 2 µL of e-liquid was dissolved in 1 mL of ethyl acetate and sonicated for 30 min. Ten µL of 10-folds diluted solution was added to 50 µL of the derivatizing reagent N,O-Bis(trimethylsilyl) trifluoroacetamide in a Gas Chromatograph (GC) vial with insert (total volume was made 100 µL); β-citronellol was used as Internal standard at a concentration of 4 µg/mL. The vial was heated at 70°C for 30 min before being inserted into GC/MS for quantification against a calibration curve (2-25 µg/mL) that was built from lab-prepared solutions with different PG/VG ratios. Recoveries of PG/VG quantification were 90%-100% throughout the calibration curve range. The obtained spectra did not show the silyl ether peak at m/z = 118 in reference to the presence of ethanol.
Water Content Measurements
Water content in the e-liquid was determined using a Karl Fischer Titration. It is reported as percentage by volume of the total e-liquid. Quantification was done on a calibration curve of the range 1 to 22.9 mg of water.
Nicotine Quantification and Partitioning in E-liquid
Both free-base (Nic) and protonated nicotine (NicH + ) content in the e-liquid were quantified following a reported extraction method. 35 In brief, an aliquot of the e-liquid was immersed in 6 mL of water to form a diluted solution of 600 µg/mL concentration, and then 6 mL of toluene were added to extract free-base nicotine (Nic) from the aqueous phase. This step was repeated to ensure complete extraction of Nic. Two hundred μL of NaOH solution (1N) was later added to the aqueous layer to convert NicH + in solution into Nic, before extracting twice with toluene as previously described for Nic fraction. In the first step of extraction, toluene showed a 90% extraction efficiency of Nic, in agreement with literature reports. 35, 50 Using the Hendersen-Haaselbach equation, the calculated dissociation factor of NicH + in the remaining solutions of 10% Nic and total NicH + was found to be <0.1%. Considering the initial conditions of nicotine in the sample set, re-equilibration between Nic and NicH + in the sample extract introduces negligible measurement error.
Toluene extracts were diluted before injection into the Gas Chromatograph coupled to a Mass spectrometer (GC-MS) for analysis. Quantification was done using a calibration curve (50-1000 µg/ mL) prepared from standard nicotine solutions.
pH Measurements
Depending on the label, 0.15-0.45 mL of e-liquid was added to deionized water in order to prepare an aqueous extract of 600 µg/ mL nicotine concentration in a final volume of 6 mL. The pH of this extract was measured by a Starter 3100 OHAUS pH-meter.
Aerosol Characterization
Aerosol Generation and Sampling A custom-designed digital puff production machine 51 was used to generate ECIG aerosols. 44 Puff topography (puff duration, interpuff interval, and flow rate) was selected to represent an experienced ECIG user (4 s puff duration and 10 s interpuff duration) with a puff velocity of 1.5 L/min. 44, 52, 53, 26 Each commercial sample was operated as purchased after 1 puff conditioning. TPM generated from a 15-puff session was collected on a glass fiber filter placed at the ECIG mouthpiece outlet. DNPH coated cartridges were placed downstream the filter pad in order to collect gas phase carbonyls. Each sample was tested in triplicates and results are shown as average of three measurements. TPM was determined gravimetrically by weighing the filter pad and the holder before and after each sampling session.
Nicotine Yield Quantification in Aerosols
Each filter was soaked in 6 mL of ethyl acetate and shaken for 30 min. The obtained solution was diluted prior to analysis by GC-MS. Nicotine was quantified against a calibration curve prepared from a range of standard solutions (1-25 µg/mL), which were spiked with an internal standard[hexadecane (5 ppm)]. Recoveries of the extraction from PG/VG matrix were higher than 90%.
Gas Chromatography-Mass Spectroscopy Conditions
The GC-MS analysis was performed on a Thermo-Finnigan Trace GC-Ultra Polaris ITQ 900 equipped with AS 3000 II autosampler. Separation was achieved with RTx-5MS (30 m × 0.25 mm × 0.25 µm film thickness) fused silica capillary column purchased from Restek. A splitless injection mode of 1 µL and He mobile phase of 1 mL/min flow rate were utilized. The injector temperature was set at 250°C.
For nicotine quantification, the oven temperature program was initiated at 70°C for 2 min, and then ramped at 20°C/min until reaching 230°C. The hold time at this high temperature was 1 min. Quantification was completed in the selected ion mode of m/z = 84 for nicotine and m/z = 57 for internal standard.
For PG/VG quantification, the oven temperature program was initiated at 40°C for 1 min, then ramped at 12°C/min until reaching 133°C, hold for 3 min, then ramped at 10°C/min until reaching 140°C, hold for 2 min, then ramped at 30°C/min until reaching 180°C, hold for 1 min, then ramped at 40°C/min until reaching 220°C, hold for 1 min. Quantification was completed in selected ion mode of m/z = 73, 147, and 81 for derivatized PG, VG, and β-citronellol, respectively.
Carbonyl Quantification
Carbonyls from the gas phase were trapped on DNPH cartridges, which were eluted with 5 mL of acetonitrile, filtered, and delivered into amber vials for high-performance liquid chromatography analysis. Recoveries ranged between 90% and 102%.
The analysis method was adopted from the California Air Resources Board (CARB) method (SOP MLD 022) as well as the Environmental Protection Agency method (TO-11A) (EPA, 1999), with some modifications in the time program of elution for better separation as detailed in Rashidi et al. 54 The sample set was scanned for the presence of 12 carbonyls in the gas phase including formaldehyde, acetaldehyde, acetone, acrolein, propionaldehyde, crotonaldehyde, methacrolein, butyraldehyde, valeraldehyde, hexaldehyde, benzaldehyde, and tolualdehyde. A background measurement was obtained by passing air through an empty unactivated ECIG placed upstream the DNPH cartridge for a session of 15 puffs (4s puff duration). The obtained level of C1-C3 carbonyl levels is 0.67 µg/session.
Statistical Methods
Single factor analysis of variance was used to study the significance of the variability of nicotine yield between the different categories of ECIG tested (disposable, prefilled, and tanks). The multiple variable regression in SPSS was used to study the effect of different design and e-liquid characteristics on aerosol constituents. The ECIG type, brand, flavor, power, nicotine concentration, pH, PG/VG ratio, and water content were studied as possible variables affecting TPM and nicotine yield in aerosols as well as carbonyl emissions into the gas phase. Table 1 shows the measured characteristics of the different ECIGs in the selected commercial samples. The power output covered a range of 2.18-6.96 W with the average power of the tank type (6.41 ± 0.59 W) being higher than the respective average powers of disposable and prefilled cartridges (4.54 ± 1.23 and 4.80 ± 0.78 W). The solvent distribution of PG/VG in the e-liquids covered a whole range extending from 0/100 to 80/20. Interestingly, the water content which was found to be minimal in some brands reached as high as 35% by volume of the e-liquid in others. The e-liquid total nicotine concentration (sum of Nic and NicH + ) measured a wide variation (7.11-20 .90 mg/mL) and an average of 12.16 ± 4.11 mg/ mL for the whole sample set. Interbrand and intrabrand variations in chemical and power characteristics were noted. Ethanol, that was reported to be present in e-liquid by other groups, was not detected in the studied sample set. 55 Prefilled Halo Tribeca, for example, has higher water (20.41%), lower nicotine (7.37 mg/mL), and power (3.78 W) than the tank (3.19%, 14.02 mg/mL, and 6.50 W, respectively) of the same brand and flavor.
Results
E-liquid Chemical Characterization
The pH of the e-liquid aqueous extract covered a range of 5.35-9.26 with an average of 8.51 ± 0.75. Using Handerson-Haselbach equation, calculated free-base concentrations based on measured pH shows a good correlation (69%) with experimentally quantified freebase nicotine in the e-liquid implicating that pH could be used to determine the extent at which nicotine is partitioned between its two forms (Nic and NicH + ).
Aerosol Characterization
Masses of TPM collected from a vaping session of 15 puffs among the different samples are shown in Supplementary Table S1. A wide variation ranging from 29.37 to 169.00 mg was determined. The aerosol nicotine yield ranged between 0.27 and 2.91 mg/15 puffs with an average of 0.74 ± 0.33, 1.06 ± 0.45, and 1.39 ± 0.7 mg/ session for disposable, prefilled, and tanks, respectively (statistically significant difference between the three types, p = 0.0005; Table 1 ). In general, prefilled and tank types delivered more nicotine to the aerosol than disposable ECIGs when vaped under the same puffing regimen. Plotting nicotine yield versus nominal nicotine concentration ( Figure 1) showed that different ECIGs with the same nicotine label can yield different levels of nicotine in the aerosol. In addition, most brands delivered either similar or higher amounts of nicotine as tobacco cigarettes. 56 In particular, the Green smoke prefilled with menthol ice flavor and the Volcano tank with blue-water punch flavor, respectively, delivered double (1.97 mg/session), and triple (2.91 mg/session) the maximum yield of conventional cigarette smoked under U.S. Federal Trade Commission protocol on a smoking machine (0.91 mg/cigarette). 56, 57 In order to highlight the efficacy of nicotine delivery from the selected ECIGs, nicotine mass fraction in the aerosol was plotted versus its corresponding fraction in the e-liquid (Supplementary Figure  S1) . The moderate correlation obtained (28%) highlighted the difference in efficacy between the studied ECIGs and is attributed to a combinatorial effect of all the design and e-liquid parameters (vide infra).
Carbonyl emission into the gas phase was also assessed for the whole sample set. High-molecular weight carbonyls (C4-C7) were not detected in all samples, thus only the sum of low-molecular weight carbonyls (C1-C3) levels collected during a 15-puff vaping session is shown in Figure 2 . Individual concentrations of C1-C3 carbonyls (formaldehyde, acetaldehyde, acetone, acrolein, and propionaldehyde) are presented in Supplementary Table S1 . The spread in carbonyl concentrations (3.06 and 48.85 µg/15 puffs) is mostly skewed by the high levels determined for two V2 prefilled cartridges. When removed, the average of the 25 sample set drops by 27% (7.68 ± 2.78). The overall average of the whole sample set of 10.52 ± 15.89 in tested ECIGs is much lower than that of conventional tobacco cigarettes. 58, 59 Using multiple variables regression statistical analysis, ECIG design features, including type, brand, flavor, power output, and e-liquid characteristics, listed in Table 1 , were scanned for possible contribution to TPM, nicotine, and carbonyl yields. It was found, as shown in Table 2 , that power, PG/VG ratio, ECIG brand, type, and flavor are major factors that influence the amount of TPM emitted from the studied e-cigarettes. Similarly, the whole regression model for nicotine yield is highly significant (R 2 = 0.89, and p of F value is less than 0.001), meaning that nicotine yield is affected by at least one of the studied parameters. Table 2 shows that nicotine yield is highly correlated with nicotine concentration in the e-liquid, PG/VG ratio, ECIG type, brand, and flavor (p = 0.001). Multiple variable regression also showed that only power and ECIG brand correlate with carbonyl yields (p value is <0.01 and <0.05, respectively). The overall model significance is lower in the case of carbonyls compared to nicotine and TPM.
Discussion
The current study examined the variability in e-liquid characteristics, power output, and emissions of nicotine and carbonyls among a representative batch of top brands of ECIGs in the U.S. market (total of 27 ECIGs). The results reflected interdifferences and intradifferences in ECIG types and brands. The average power output of the tested samples (5.15 ± 1.16 W) falls within the advertised "ideal range" for best vapor production 60 and the nicotine content in e-liquid (7.11-20 .90 mg/mL) agrees with the EU parliament regulation of 20 mg/mL as an upper limit of nicotine concentration in the e-liquid. 61 Unlike tobacco cigarettes, which mostly show low pH and predominance of NicH + , the selected ECIGs measured a wide range of pH indicating variable Nic/NicH + ratio in e-liquids. The good correlation (69%) between calculated (based on pH) and measured Nic implied that regulators could use pH of e-liquid aqueous extract as a rough estimation of nicotine distribution. Determining Nic fraction is important since it affects the bioavailability of nicotine in the human body. 62 The significant correlation between TPM and ECIG type, brand, flavor, PG/VG ratio, and power is likely related to the effect of these parameters on the temperature and rate of evaporation. In agreement with previous reports, 63 several ECIGs produced equal or higher nicotine yields than tobacco cigarettes (Figure 1) . The significant correlation observed between aerosol nicotine yield and e-liquid nicotine content, ECIG type, brand, flavor, and PG/VG ratio is reported for the first time. The correlation between nicotine yield and power approached significance (p = 0.0594). As a result, some ECIGs could have relatively low-nicotine content but still emit higher nicotine yield per session than a combustible cigarette. For example, in the disposable category, V2-Red Tobacco and Volt-Country Tobacco have 11.6 and 19.5 mg/mL nicotine concentration, respectively, and their nicotine yield is very similar (~1 mg/ session). In contrast, in the prefilled category, Apollo-Tobacco and Volcano-Menthol has similar nicotine concentrations (7.6 and 7.2 mg/mL) but yet very different nicotine yields in the aerosol (1.6 and 0.6 mg/session). Recent studies verified the significant correlation between aerosol nicotine yield from one hand and ECIG type, power output, and nicotine e-liquid concentration from the other. 24, 44, 47 The combination between the discussed parameters (ECIG design and e-liquid characteristics) and user behavior was recently discussed in the context of a regulatory framework that suggests "nicotine flux" as a tool to assess the efficacy of ECIGs in nicotine delivery to the user body. 64 Important to note that the question of how much of the inhaled nicotine is actually absorbed by the body is still debatable and understudy. [65] [66] [67] [68] In addition, regression coefficients showed that carbonyl emission is correlated with ECIG brand and power output. Unlike other reported studies, 43 our results did not show a significant correlation between carbonyls in the aerosol and PG/VG ratio in the e-liquid. The formation of low carbonyls, which mainly derive from the degradation of PG and/or VG is expected to have little variability across the different ratios. The case where highest concentrations along with high standard deviations of carbonyl emissions were obtained (46.71 ± 23.74 and 48.85 ± 55.11 µg/15 puffs for Green tea menthol and red tobacco prefilled V2 ECIGs, respectively) is attributed to occasional dry puff coupled with a spike in the temperature. 41 Notably, this study shows that while formaldehyde concentration in ECIG aerosols (0.58-5.05 mg/m 3 ) is lower than that reported for cigarette smoke (4.6-148.9 mg/m 3 ), 69 the concentration is nonetheless higher than the endogenous formaldehyde concentration measured human breath (<0.5 mg/m 3 ), 70 and higher than the recommended short term 15 min exposure limit (REL) of 0.123 mg/m 3 set by The National Institute for Occupational Safety and Health (NIOSH). 71 Recent evidence also suggests that endogenous formaldehyde concentrations are sufficient to trigger tumor formation when cellular regulatory processes are compromised. 70 It should be noted also that formaldehyde in ECIG aerosols is also present in the particle phase and so the exposure to formaldehyde by ECIG user is likely higher than what is reported in this study. 72 These observations need to be confirmed by a systematic study approach including physical and chemical simulations in order to verify and better understand the effect of all ECIG designs and e-liquid properties on the vaporization process. 
Conclusion
This snapshot in time of the most popular ECIG brands showed wide variability in power (2.18-6.96 W) and e-liquid chemical characteristics including pH (5.35-9.26), nicotine concentration (7.11-20 .90 mg/mL), water content (0.6%-35%), and PG/VG ratio (0/100-80/20). Regression analysis shows significant correlation between ECIG type, brand, flavor, e-liquid nicotine content, and PG/ VG ratio with aerosol nicotine yield, which was equal or higher than the nicotine yield in tobacco cigarette. Unlike nicotine yield, carbonyl emission showed limited variability across the sample set and was only correlated with ECIG brand and power output. Comparison of carbonyl emissions from ECIGs, especially formaldehyde, to NIOSH exposure limit showed that ECIG users are at considerable risk. This study emphasizes the fact that ECIGs are not a single product but rather a diverse product category that spans a wide range of performance. Accordingly, clinical investigations and observational studies of ECIG use must account for this diversity when assessing such variables as toxicant exposure, subjective effects, and potential utility as a smoking cessation aid.
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